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Abstract. Formability of steel and aluminium alloys in hot stamping and cold die quenching processes is studied in this 
research. Viscoplastic-damage constitutive equations are developed and determined from experimental data for the 
prediction of viscoplastic flow and ductility of the materials. The determined unified constitutive equations are then 
implemented into the commercial Finite Element code Abaqus/Explicit via a user defined subroutine, VUMAT. An FE 
process simulation model and numerical procedures are established for the modeling of hot stamping processes for a 
spherical part with a central hole. Different failure modes (failure takes place either near the central hole or in the mid 
span of the part) are obtained. To validate the simulation results, a test programme is developed, a test die set has been 
designed and manufactured, and tests have been carried out for the materials with different forming rates. It has been 
found that very close agreements between experimental and numerical process simulation results are obtained for the 
ranges of temperatures and forming rates carried out.  
Keywords: Hot stamping, formability, materials modeling, boron steel, Aluminium alloys, process simulation 
PACS: 62.20 
1. INTRODUCTION 
In the automotive industry, there is an ever increasing need to increase the safety by using stronger components 
and reduce CO2 emission via weight reduction. Recently hot stamping and cold die quenching processes have been 
developed for the forming of lightweight high strength panel components particularly targeted for automotive 
applications
1, 2
. The research has been concentrated on two types of materials: one is boron steel and the other is a 
heat treatable Aluminium alloy, of which the formability can be significantly increased under hot stamping 
conditions. Since formability data of the materials is of primary importance in deciding the feasibility for a given 
part, it is meaningful to study the experimental, theoretical and numerical aspects of the formability in hot stamping 
processes
3
. 
A typical thermal history profile for a hot stamping and cold die quenching process is shown in Figure 1. In the 
process, a blank sheet is firstly heated to a certain high temperature and kept for a certain period for soaking. For 
steel, the temperature is chosen to enable the material to be fully transformed to austenite
3, 4
. This is 925 °C for 
USIBOR 1500P. For aluminium alloy, it is the solution heat treatment temperature (e.g. 525 °C for AA6082) to 
enable the hardening precipitates to be dissolved within the primary α-Al matrix.  The heated blank sheet is quickly 
transferred to a press and deformed with a cold die set. The formed part is then held within the closed cold dies for 
rapid cooling, which enables the phase transformation from austenite to martensite for boron steel and avoids the 
formation of coarse β phase precipitates, particularly at grain boundaries, for the aluminium alloy 6. At the same 
time, thermal distortion due to high temperature-gradients during quenching can be minimized by the constraint of 
the dies. The purpose of the thermal processing is to significantly change microstructure and obtain high mechanical 
properties 
5
. 
In order to find out ideal forming conditions, the formability and the ductile fracture initiation in sheet-metal 
forming processes have to be correctly predicted. The initiation of localized necking during the deformation process 
is due to the process of void nucleation and growth, which in turn determines the formability limit in sheet metal that 
precedes fracture 
7
.
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in the ductile fracture of metal alloys. The most common modes of void nucleation are the complete or partial 
interfacial decohesion of the second phase inclusions.  The development and calibration of a set of viscoplastic 
damage constitutive equations for boron steel and aluminium alloy is described in this paper.  They enable the 
prediction of the localized necking and failure features of the alloys during hot stamping.  
             
                          (a) Boron steel - USIBOR 1500P                                        (b) Aluminium alloy - AA6082 
FIGURE 1. Schematic diagram showing temperature history for a hot stamping process 
2. UNIFIED VISCOPLASTIC-DAMAGE CONSTITUTIVE EQUATIONS 
Viscoplastic-damage constitutive equations have been developed by many researchers for many engineering 
materials, and have been used to model a wide range of time dependent phenomena, such as strain rate effects, 
creep, recrystallisation, recovery, etc. In these equations, hardening of a material during viscoplastic deformation is 
modelled according to the accumulation of plastic strains only
6-8 
.Recently dislocation-based hardening constitutive 
equations have been developed by Lin et al
9
, where the recovery of dislocations due to annealing and 
recrystallisation in hot forming conditions is included. Based on the previous work, a new set of unified viscoplastic 
damage constitutive equations for boron steel and aluminium alloy has been formed and is given below:  
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Where
p in Equation (1) is the traditional power law viscoplastic flow formulation. The material hardening H in 
Equation (2) due to the plastic deformation is calculated according to the accumulation of dislocation density (Ref 
Equation (3)). In hot metal forming processes, at the late stage of deformation, softening due to damage decreases 
the flow stress, which can be modelled based on void nucleation and growth mechanisms. The effective damage 
evolution is defined in Equation (4), where damage is 0 at the initial state of the deformation. The constants: k , K , 
1n , B , C , E , 1D , 2D  are temperature dependent parameters and A , 2n , 1 , 2 , 1d , 2d , 3D  are material 
constants. E  is the Young’s modulus. Equations (6-13) represent the Arrhenius equation for temperature dependent 
parameters. Where R  is the universal gas constant and Q  is the activation energy.  1556
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FIGURE2. Comparison of computed (solid curves) and experimental (symbols) stress–strain relationships for boron steel 
deformed at different strain rates and temperatures. 
              
FIGURE 3. Comparison of computed (solid curves) and experimental (symbols) stress–strain relationships for AA 6082 alloy 
deformed at different strain rates and temperatures. 
        The developed viscoplastic damage model was determined by fitting with the experimental stress strain curves 
under different strain rates and forming temperatures. Tensile tests have been carried out using a Gleeble (3800) 
materials simulator. USIBOR 1500P boron steel and AA6082 has been used throughout this research. The constants 
in the equations are determined by the fitting of their corresponding experimental data using optimization methods 
detailed by Li et al
10
. Figure 2 and Figure 3 show the comparison between computed (solid curves) and experimental 
(symbols) stress–strain relationships for boron steel and Aluminum alloy, respectively, and close agreement has 
been obtained for both cases. The determined values of the constants in the equations are listed in Table 1.  
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TABLE 1. Material constants in viscoplastic-damage constitutive equations for Boron Steel and AA6082 
Constants 
A  
 
2n  
 
1  
 
2  
 
1d  
 
2d  
 
3D  
 
o
k
 
(MPa) 
0n  
Boron 
Steel 
5.222 1.54 3.1 17.5 - - - 12.4 
0.4 
AA6082 13 1.8 0 1.2 1.0101 0.5 26.8 0.89 0.5 
Constants 
o
K
 
(MPa) 
1o
n
 
 
o
B
 
(MPa) 
o
C
 
 
o
E
 
(MPa) 
1o
D
 
 
2o
D
 
 
k
Q
 
(J/mol) 
K
Q
 
(J/mol) 
Boron 
Steel 
30 0.0068 80 55500 1100 1.39e-4 - 8400 8400 
AA6082 0.219 5 4.91 0.26 322.8191 10.32 
5.49e-
19 
6679 27687.1 
Constants 
n
Q
 
(J/mol) 
B
Q
 
(J/mol) 
C
Q
 
(J/mol) 
E
Q
 
(J/mol) 
1Q  
(J/mol) 
2Q  
(J/mol) 
R  
(J/mol) 
 
 
Boron 
Steel 
50000 8400 99900 17500 10650 - 8.3  
 
AA6082 0 11625.8 3393.4 12986.7 6408.4 119804.6 8.3   
3. FORMABILITY EXPERIMENTAL PROGRAMME AND PROCESS SIMULATION 
3.1 Experimental Programme 
Formability tests were carried out using a high speed hydraulic press and a tool set with a hemispherical punch. 
As shown in Figure 4(a), the tool set contains four main parts: hemispherical punch, top and bottom blank holders, 
and gas springs. The blank holders were designed with draw beads to prevent the material flowing into the die. The 
blank holder force is provided by the gas springs.  
Square samples of boron steel (1.5mm thick) and AA6082 (2mm thick), with dimensions 170x170mm, were cut 
from the supplied sheets.  A 16 mm diameter hole was drilled in the centre of the sample. The reason for drilling the 
hole is to ease material flow over the punch. In addition, deformation of the central hole was used for the qualitative 
evaluation of plastic deformation and verification of the modeling results in succeeding work.  The test-pieces were 
preheated to 925°C for the steel and 525°C for the aluminium alloy and the tool set was unheated. 
3.2 Process Simulation 
      Process simulation for the formability tests was conducted using the commercial FE code, ABAQUS. A half 
section of the axisymmetric FE model with dimensions is shown in Figure 4 (b). The FE process modelling started 
with application of the boundary and loading conditions. Then the top blank holder plate was moved down to clamp 
the work-piece, with a pressure determined by the gas springs, which prevented the sheet drawing in and then forced 
it over the stationary punch. This was a coupled thermo-mechanical FE process simulation and the thermal and 
mechanical properties used for the FE analysis needed to be carefully defined 
3,11
. A key problem in the simulation 
work for accurate prediction is to ensure the material behavior is correctly modelled. The determined unified 
viscoplastic damage constitutive equations were input to ABAQUS via the user defined subroutine, VUMAT. 
      Different ranges of forming rate for the boron steel and aluminium alloy were chosen according to their different 
thermal properties, which is in order to achieve the desired failure modes. For the case of boron steel, the stroke 
applied was 36mm in 0.36sec for the fast forming rate (100 mm/s) and 48 mm in 3.2 sec (15 mm/s) for the slow 
forming rate. For AA6082, the stroke applied was 50 mm in 0.08 sec (640 mm/s) for the fast forming rate and 50 
mm in 0.3 sec (166 mm/s) for the slow forming rate.  
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 (a) Tool set  (b) FE model  
FIGURE 4. Formability test die set and the FE model (dimensions in mm). 
 
4. RESULTS AND DISCUSSION 
      Figures 5(a, c) and Figures 6(a, c) show two failure modes obtained from hot stamping for boron steel and 
AA6082, respectively. The first mode is failure at  the central hole (mode 1) and the second mode is the failure at the 
mid span of the workpieces (mode 2). At the fast forming rate, the failure occurred as mode 1, the maximum 
thinning occurred around the central hole as shown in Figure 5(a) and Figure 6(a).  In contrast, at the slow forming 
rate, the failure was mode 2, the maximum thinning occurred in the middle region of the formed cup, as shown in 
Figure 5(c) and Figure 6(c). 
      These two different failure modes are due mainly to the combined effects of radial variation in the temperature 
of the workpiece and rate dependant flow stresses of the workpiece material at elevated temperatures. The material, 
on making good contact with the cold punch, the central hole area, was cooled rapidly through conduction with the 
punch; on the other hand, the material with little or no contact with the cold punch, the circumferential area, was 
cooled mainly by the air and hence at a much lower rate. The radial temperature variation of the workpiece is 
accentuated at a low forming rate, which provides greater time for heat transfer to take place, thus temperature is 
lower at the central hole area, relative to the circumferential area which is warm and easy to deform. In addition, the 
low punch speed leads to low strain rate, which further decreases the strength of the material at circumferential area, 
thus localized deformation has a higher priority to take place around circumference (mode 2). On the other hand, at a 
fast forming rate, less heat transfer at the workpiece/punch interface takes place, because the duration of contact 
between the workpiece and cold punch has been significantly decreased, and hence temperature distribution in the 
workpiece is relatively uniform. Moreover, the high forming rate results in a high strain rate, which significantly 
enhances the material strength at circumferential area. Therefore, a higher level of tensile stress can be transferred 
from the circumferential area to the vicinity of the central hole and hence localized plastic deformation occurs at the 
central hole area (mode 1).      
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                               (a) 100 mm/s - Experiment                                       (b) 100 mm/s – Prediction              
                   
                               (c) 15 mm/s - Experiment                                        (d) 15 mm/s – Prediction    
FIGURE 5. Comparison of experimental and predicted failure modes for the boron steel samples 
                                        
                               (a) 640 mm/s - Experiment                                         (b) 640 mm/s – Prediction 
                                         
                               (c) 166 mm/s - Experiment                                        (d) 166 mm/s – Prediction 
FIGURE 6. Comparison of experimental and predicted failure modes for the AA6082 samples 
 
Figures 5(b, d) and Figures 6(b, d) represent the predicted results of the failure modes and damage values under 
the relatively fast and slow forming rates for boron steel and AA6082, respectively. According to the theory, as the 1560
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damage value reaches 0.7-0.8, failure takes place, which can be thought of as the initiation of tearing. From Figures 
5 and 6, it can be seen that the location of failure is forming rate dependent. There are very close agreements 
between experimental and FE simulation results for the materials under the ranges of temperatures and forming rates 
carried out.  
5. CONCLUSIONS 
       A test programme has been developed to study the formability of boron steel and aluminium alloy in a hot 
stamping and cold die quenching process. Two distinct failure modes for each material have been identified through 
experimental and numerical methods. It was confirmed that the developed viscoplastic-damage constitutive 
equations and the FE process simulation method are able to predict the failure modes of the materials in hot 
stamping process accurately.         
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